Kinetics of Fenton (Fe(II) + H 2 O 2 ) p-nitrophenol degradation reveal that the measured pseudo first-order rate constant is given by the expression: kobs = kK [H 2
Introduction
The Fenton reagent 1 (Fe(II)/H 2 O 2 ) constitutes one of the so called Advanced Oxidation Process (AOP's) that has been used for the decontamination of organic pollutants from water. This process application in water treatment is widely recognized. For instance, we have treated 2 , at the laboratory scale, typical oil industry effluents from production and petrochemical activities as well as artificial water samples containing: m-cresol, 2-chlorophenol, methyl tert-butylether and reformulated gasoline. The Fenton reagent has been also used to degrade organic chlorides, pesticides, monocyclic aromatics as well to reduce the COD (chemical oxygen demand) of municipal waters [3] [4] [5] [6] [7] [8] [9] . It also has been used in the decontamination of soils 10 . It has been proposed [11] [12] [13] [14] that the reaction mechanism involves formation of the hydroxyl radical in a rate limiting step (Eq.1) with further diffusion-controlled rate radical attack to the organic substrate. 
Besides hydroxyl radical, as the primary oxidant, a higher valence iron (Eq.3) or iron-oxygen complex 15, 16, 17 has been proposed. In the last case, intramolecular oxidation-reduction is presented as evidence of Fe (IV) intermediate.
In this paper we focus on the detailed mechanism of the hydroxyl radical formation and explore practical conditions that accelerate and retard the reaction. Kinetic evidence for a preequilibrium between free reactants and its complex previous to the rate limiting hydroxyl radical formation is presented. Reaction is improved when oxalic acid is added to the reaction. A new path (besides the hydroxyl radical one) is then contributing to the oxidation. Important evidence in favor of the participation of a highly oxidized iron species are given by monitoring COD (chemical oxygen demand) during reaction progress.
Results and Discussion

Experiments changing [H 2 O 2 ]
In Table 1 . This value is also similar to the one obtained from Figure 1 indicating that after the induction period Fe (II) is regenerated 18 to produce OH as proposed in Eq. 4.
Experiments varying pH
Kinetics, following p-nitrophenol absorbance (330 nm, at acid pH or 400 nm, at neutral or basic pH) vs. time at three pH: 2.8, 6.3 and 10.0 (using phosphate buffer) and 1:5:1 ratios of phenol:H 2 O 2 :Fe(II) were conducted. At neutral or basic pH no reduction of the p-nitrophenol absorbance was observed in 500 s. Meanwhile, at pH = 2.8, a t1/2 of ca. 50 s is observed.
NaCl Fenton inhibition
In Figure 3 the influence of addition of NaCl to a reaction mixture 1 According to the results, a ratio 1:5:1 (p-nitrophenol: H 2 O 2 : Fe(II)), pH ca. 3 and a minimum of salinity on the effluent to be treated are conditions that guarantee an efficient phenol degradation and mineralization. The rate limiting step is independent of the contaminant, therefore these conditions may also be used to degrade other contaminants.
The rate limiting step is indeed hydroxyl radical formation as it has been previously [11] [12] [13] [14] recognized. However, in this study it has been found that a pre-equilibrium between free 
Intermediates identification
p-Nitrophenol oxidation intermediates, using Fenton reagent, were identified by GC/MS using the procedure indicated in the experimental section. The identified intermediates were: pnitrocatechol, hydroquinone and a dibenzofuran derivative (1,2,3,4,4a,9b-hexahydro-9-hydroxybenzo(b)benzofuranol). In Figure 4 , these intermediates are shown. . This side reaction competes with the substrate hydroxyl radical consumption. This inhibition has been also observed 6 previously.
p-Nitrophenol mineralization
Oxalic acid Fenton complex
In Table 2 , pseudo first-order rate constants obtained according to the procedure described in the experimental section, are shown. These rate constants correspond to different reaction conditions. As observed from the first two experiments, addition of oxalic acid produces appreciable increase in the kobs value. We have interpreted this increase in rate as the result of a parallel participants mechanism: the traditional OH . formation (Eq. 4) and a Fe(III) formation via oxalic acid complex. Since the rate constant of the first mechanism has been measured independently (second row data in Table 2 ), for the last mechanism, the observed rate is given by the difference of the two first kobs values of Table 2 . This kobs corresponds then to the pseudo first-rate constant of the Fe(II)-oxalic acid reaction path. It is worth noting that when Fe(III) is used to form the oxalic acid complex (last data of 
We have also followed the reaction potential to donate electrons through the measurement of COD (chemical oxygen demand Figure 6 . In the Fe(III)-oxalic acid-H 2 O 2 complex formed, an internal electron transfer occurs to form the Fe(IV) species that is stabilized by electron delocalization through the carboxylic group. As shown in Figure 6 (path a), an oxidizing agent such as O 2 could be consumed (increasing COD) accepting the delocalized electron to yield H 2 O 2 , 2 CO 2 (from oxalic acid) and Fe(III). The complex may also act as oxidant accepting an electron from pnitrophenol to produce a radical cation that finally produces cathecol radical from where oxidation continues. As shown in Figure 5 , the initial (after ca. 20 s) COD increase is not observed in the case of Fe(II) when p-nitrophenol is added to the reaction mixture. This is probably due to the immediate consumption of p-nitrophenol via the hydroxyl radical that is produced before the Fe(III)-oxalic acid-H 2 O 2 complex is formed. When p-nitrophenol is not added to the reaction mixture the increase in COD is observed no matter what the oxidation state of Fe. This is indeed an indication that even when Fe(II) is used, the Fe(III)/Fe(IV) complex (Figure 6 ) is formed. In fact, its contribution in terms of kobs value is comparable (as shown in Table 2 ) to the hydroxyl radical path.
Conclusions
In this work, we have found that the rate limiting step in the Fenton reagent reaction is the hydroxyl radical formation from a Fe(II)-(H 2 O 2 ) n complex which is in equilibrium with the Fe(II) and H 2 O 2 free species. For n > 10, no further increase in the k obs . is obtained. The reaction is inhibited when NaCl is added due to the destabilization of the less solvated Fe(II) free species when compared to the aggregated form. The reaction is acid catalyzed in agreement with OH -formation as one of the reaction products. When Fe(III) is used, instead of Fe(II) no reaction is observed during a period of 500 s. After that period, oxidation of p-nitrophenol, at pH = 2.8 occurs with kobs similar to the Fe(II), Fenton 
Reaction intermediates identification
Mineralization experiments
Mineralization experiments were run under identical conditions to degradation experiments. However, the reaction was monitored measuring COD (chemical oxygen demand) using an HACH colorimetric method: 2 ml of sample is digested with HACH K 2 Cr 2 O 7 solution at 150 o C for 2 h. The Cr(III) formed is followed at 620 nm using a HACH DR/2010 spectrophotometer.
